Summary: Immunohistochemical light microscopy by the enhanced polymer one-step staining (EPOS) method and immunohistochemical confocal laser scanning microscopy by the labelled streptavidin biotin (LsAB) method were performed on the developing vestibular lamina (VL) of fetal mice at stages from E11 to E14, and the immunohistochemical findings were compared with the findings in the developing dental lamina (DL) and tooth germ. pRb and PCNA were immunolocalized and found to be related to the temporal and spatial expression of cytokines and receptors in the primary epithelial band, VL, DL/enamel organ, and associated mesenchyme. The following results were obtained: 1) EGF, TGFa, EGFR, PCNA, FGF2, pRb, and FGFR1-4 were immunolocalized in the developing tissues. 2) Cytokine expression patterns indicated that the EGF family and FGF2 essentially induced VL generation and cell proliferation. 3) FGFR1 was diffusely localized in the primary epithelial band, but was strongly expressed in the E12-14 VL and DL/enamel organ. By contrast, EGFR internalization was observed in the differentiating E13 VL. 4) Expression of pRb was intensely localized in the stratum germinativum of the E13 VL and corresponded to CK-10 expression in the keratinizing VL. The results of this study suggest a mechanism in which FGFR1 regulates pRb to induce proliferation of cells in the VL and DL/enamel organ, and, in particular, to incite keratocyte differentiation and subsequent exfoliation of keratinizing VL cells.
Both the vestibular lamina (VL) and dental lamina (DL) develop from the primary epithelial band of the oral cavity.1 -4) Many previous studies have observed certain specific epithelio-mesenchymal interactions (EMIs) between the primary epithelial band and underlying mesenchyme that lead to the development of the VL and enamel organ.5 -7) One immunohistochemical study found intense fibroblast growth factor (FGF) expression in enamel organs at the bud and cap stages.8) On the other hand, some morphological studies have reported that the VL cells proliferated and the VL rapidly enlarged. The VL cells then degenerated and autolyzed, resulting in the formation of a cleft between the cheek and the tooth-bearing area. The vestibulum oris (oral vestibule, VO) began to form at sites showing poor adhesion between VL epithelial cells derived from the basal cells of the lining mucosa and masticatory mucosa. 1, 4, 9) Our previous immunohistochemical confocal laser scanning microscopy (CLSM) and morphological studies have localized transforming growth factor a (TGFa), epidermal growth factor (EGF), and FGF2, which induce development of the VL. The histological findings also showed EGF receptor (EGFR) and FGFR expression patterns that regulated differentiation, degeneration, and cell death, and subsequently led to exfoliation and separation of the oral-gingival type multi-layered keratinizing VL epithelium.10,11) A study on cytokeratin (CK) intracellular filaments showed that CKs in epithelial tissues usually express the germinant origin and function of the epithelium.12) On the other hand, the retinoblastoma (Rb) family (e.g., retinoblastoma protein (pRb), p107, and p130) induces proliferation, differentiation, and CK10-related keratinization of the epidermis.13) pRb has also been found to be an essential determinant that inhibits the transition from the preduplication (resting, G1) phase to the DNA duplication (S) phase in the mammalian cell cycle, and phosphorylation of bound-pRb induces the release and activation of the transcriptional factor E2 promoter binding factor (E2F), thereby initiating the G1/S transition of the cycle.14) A recent study has reported that expression of FGF and FGFR regulates cyclin E/ cyclin-dependent kinase (Cdk)-2 mediated inactivation of E2F in certain proliferating cells.15) In the present study, we examined the development of the mandibular primary epithelial band, VL, and DL/enamel organ from E11 (11 days after fertilization) to E14 mouse fetuses. Light microscopy (LM) and CLSM were used to study the developing VL, and we attempted to elucidate the genesis of the VO.
Materials and Methods
Heads of fetal Slc : ICR SPF (Slc: Shizuoka Laboratory Animal Center, Shizuoka, Japan; ICR: Institute of Cancer Research) mice from stage E11 to stage E14 were utilized according to the ''Guidelines for Animal Research at Osaka Dental University'', and 30 fetuses were used in each stage. The heads were immersed in chilled Carnoy's fixative solution (to study CK10 and CK19) or 4% paraformaldehyde (for other detections). They were then embedded in paraffin, sectioned with stainless steel knives mounted on an AS-500 Universal Microtome (Anglia Scientific, Cambridge, UK), and prepared for the LM and CLSM studies. The materials and methods are summarized in a flowchart (Flowchart 1).
Light Microscopy (LM)

Expression patterns of CK10 and CK19
Sectioned specimens from 5 fetuses at each stage were utilized to detect intermediate-sized filaments proteins related to differentiation and maturation of epithelial cells in the developing VL and DL/ enamel organ by staining with a DAKO EPOS system (EPOS: enhanced polymer one-step staining; DAKO, Germany). Endogenous peroxidase was blocked with 3% hydrogen peroxide (15 min, room temperature). The specimens containing the VL and DL/enamel organ were selected and immunoreacted with monoclonal mouse anti-human cytokeratin 10 antibody (primary antibody; 1 h, room temperature; DAKO-CK 10: DAKO EPOS Anti-Cytokeratin 10/HRP; DAKO) and monoclonal mouse anti-human cytokeratin 19 antibody (primary antibody; 1 h, room temperature; DAKO-CK19: DAKO EPOS Anti-Cytokeratin 19/HRP; DAKO). The immunoreacted specimens were stained with chromogenic substrate solution (10 min, room temperature; 3,3 0 -diaminobenzidine tetrahydrochloride (DAB)/hydrogen peroxide; DAKO), counterstained with methyl green (10 min, room temperature), embedded in Permount (Fischer Scientific, New Jersey, USA), and then examined and photographed with an AH-2 Olympus Vanox-S light microscope (Olympus, Tokyo, Japan).
Expression pattern of EGF
EGF expression in specimens from another 5 fetuses in each stage was detected with an UltraVision Mouse Tissue Detection System AntiMouse, HRP/DAB (Ready-To-Use) (LAB VI-SION, CA, USA). After blocking endogenous peroxidase with the Hydrogen Peroxide Block (15 min, room temperature), the background was suppressed with the Ultra V Block (5 min, room temperature), and the reactive IgG was blocked with the Rodent Block (1 h, room temperature) in the detection system. The specimens were immunoreacted with murine monoclonal anti-mouse EGF antibody (primary antibody; 2 h, room temperature; MONOSAN, Uden, The Netherlands), then with biotinylated goat anti-mouse antibody (secondary antibody; 15 min, room temperature; UltraVision Mouse Tissue anti-mouse HRP/DAB (Ready-To-Use); LAB VISION), and they were stained with the streptavidin peroxidase in the same detection system (15 min, room temperature). After exposure to the DAB Chromogen/DAB substrate (10 min, room temperature) in the detection system and counterstaining with methyl green (10 min, room temperature), the sections were embedded in Permount and examined and photographed with the AH-2 Olympus Vanox-S light microscope.
Confocal Laser Scanning Microscopy (CLSM)
Expression patterns of TGFa, EGFR, PCNA (proliferating cell nuclear antigen), pRb, FGF2, FGFR1, FGFR2, FGFR3, and FGFR4
Specimens from 20 fetuses collected at each of the stages from E11 to E14 were examined with an ImmunoCruz Staining System (Santa Cruz Biotech, CA, USA). Endogenous biotin was blocked with the Avidin D Blocking Solution and Biotin Blocking Solution (BLOCKING KIT; Vector Lab, CA, USA). The background was suppressed with Serum block-Goat serum (ImmunoCruz Staining System), and the specimens were stained with anti-TGFa rabbit polyclonal antibody (primary antibody; 5 mg/ ml, 2 h, room temperature; Biogenesis, Poole, UK), anti-EGFR rabbit polyclonal antibody (primary antibody; 5 mg/ml, 2 h, room temperature; Santa Cruz Biotech), anti-PCNA rabbit polyclonal antibody (primary antibody; 5 mg/ml, 2 h, room temperature; Santa Cruz Biotech), anti-pRb rabbit polyclonal antibody (primary antibody; 5 mg/ml, 2 h, room temperature; Santa Cruz Biotech), and anti-FGFR1, anti-FGFR2, anti-FGFR3 and anti-FGFR4 rabbit polyclonal antibodies (primary antibodies; 5 mg/ml, 2 h, room temperature; Santa Cruz Biotech). The specimens were then immunoreacted with the biotinylated goat anti-rabbit antibody (secondary antibody; 30 min, room temperature; ImmunoCruz Staining System) followed by streptavidin-Alexa 488 conjugate (fluorescence wavelength: 519 nm; Molecular Probe, Oregon, USA). After treatment with RNASE PANCREATIC (AMRESCO; Ohio, USA) to denature the RNA in the tissue, the specimens were counterstained with propidium iodide (PI) DNA stain (fluorescence wavelength: 615 nm, 30 min, room temperature; Molecular Probe) to identify the cell nuclei. The double-stained specimens were mounted in VEC-TASHIELD Mounting Medium (Vector Lab) and analyzed with an Olympus personal Fluoview confocal laser scanning microscope (argon ion laser, excitation wave length: 488 nm (CH1); HeNe ion laser, excitation wave length: 543 nm (CH2); filters: BA510F and BA530 (CH1), BA590 and BA565 (CH2); Fluoview ver. 2.0.32; Olympus). 
Results
The histological sections were photographed and analyzed, and the results have been summarized in the form of schematic presentations (Figs. 1-7 and Schemas 1-4).
Cytokeratins
Mouse anti-human cytokeratin 10 and 19 (CK10 and CK19) antibodies were used to detect intermediate-sized CK filament proteins in the primary epithelial band at E11 and in the developing VL and DL/enamel organ at E12-14. CK19 was diffusely immunolocalised in the E11-14 odontogenic epithelial cells. Histological examination revealed clear proliferation of VL and enamel organ cells from the thickened primary epithelial band in the anterior region of the mandibular process in the E13 fetuses. CK10-immunoreactivity was intensely localized in the supra-basal and superficial cells of the E13 VL (Fig. 1) . In contrast, weak and diffuse CK19 filament immunoreactions were observed in the VL superficial layer, epithelial band bridging the VL and enamel organ, and in the enamel organ at E13 stage (Fig. 2) . The histological examinations showed that CK19-positive superficial flat cells had shifted towards overlying oral simple epithelium (Fig. 2) .
EGF
EGF expression was obscure at E11, but became intense at E12-14. EGF was strongly expressed in the mesenchyme distributed over the labial aspect of the developing E12-14 VL, but was weak in the mesenchyme associated with the DL/enamel organ and distributed over the alveolar aspect (Fig. 3,  Schema 1) . The results indicated temporo-spatial EGF expression that inhibited mesenchymal cell accumulation around the developing E12-14 VL.
TGFa
Diffuse TGFa expression was observed in the developing E11 primary epithelial band, E12-14 VL, DL/enamel organ, and the related mesenchyme (Schema 1). Histological examination suggested that TGFa, a member of the EGF family, played a major role in the TGFa-EGF collaboration that initiated development of the VL and DL/tooth germ.
EGFR
EGFR was found in the E11 primary epithelial band, E12-14 DL/enamel organ, and the associated mesenchyme. By contrast, intense EGFR localization was observed in the E13-14 VL, but not in the associated mesenchyme. Internalization of EGFR was noted in the mid-portion of the stratum germinativum in the E13 VL (Fig. 4, Schema 2) . Comparison with the CK10 expression pattern in the E13 VL, the histological findings indicated that EGFR internalization was related to the transition/ differentiation from simple epithelial cells to keratinizing cells (Figs. 1 & 4, Schema 2) .
PCNA
The CLSM images showed localization of PCNA in the primary epithelial band, VL, DL/enamel organ, and the associated mesenchyme of E11-14 fetuses (Schema 2). PCNA expression indicated that the E13-14 VL and enamel organ were actively proliferating, since PCNA reactivity was particularly evident at the tips on the labial aspect of the VL and in the developing tooth germ (Fig. 5,  Schema 2 ).
pRb
Expression of pRb was diffusely localized in the E11 primary epithelial band, E12-14 VL, DL/ enamel organ, and the associated mesenchyme (Schema 3). Histological examination revealed strong immunoreactivity in the stratum germinativum cells in the vicinity of the alveolar aspect of E13 VL (Fig. 6, Schema 3) . The distribution of pRb was similar to that of CK10 expression and EGFR internalization, and suggested a close relationship between pRb and differentiation of CK10-containing keratocytes in the developing VL (Figs. 
1, 4 & 6, Schemas 2 & 3).
FGF2
Diffuse and weak EGF2 expression patterns were found in the E11 primary epithelial band, E12-14 VL, DL/enamel organ, and associated mesenchyme. However, FGF2 tended to increase in the E13 and E14 VL and tooth germ (Schema 3).
FGFR1
FGFR1 immunoreactivity was also diffusely expressed in the E11 primary epithelial band, E12-14 VL, DL/enamel organ, and associated mesenchyme (Fig. 7, Schema 4) . The intense FGFR1 immunoreactivity indicated that the receptor was closely related to proliferation and differentiation of the developing E12-14 VL.
FGFR2
FGFR2 was indistinctly expressed in the E11-12 primary epithelial band, VL, and developing DL/ enamel organ. No FGFR2 expression was observed in the mesenchymal cells surrounding the E12 VL, but it was distinctly localized in the E13-14 VL, enamel organ, and associated mesenchyme (Schema 4).
FGFR3
Weak expression of FGFR3 was observed in the E11 primary epithelial band. Indistinct expression was seen in the E12 DL/enamel organ and surrounding mesenchyme, but none was found in the E12 VL and associated mesenchyme. FGFR3 expression was also weak in E13 VL, enamel organ, and surrounding mesenchyme, but increased and became more distinct during E14 (Schema 4).
FGFR4
FGFR4 was diffusely localized in the E11 primary epithelial band, as well as in the E12-14 VL, DL/enamel organ, and associated mesenchyme (Schema 4).
Discussion
Many previous studies have reported certain epithelio-mesenchymal interactions (EMIs) between the primary epithelial band and underlying mesenchyme that induce the development of the vestibular lamina (VL) and dental lamina (DL). The DL seemed to play the leading role in the EMI occurring in proliferating tooth bud, while the dental papilla regulated the histo-and morpho-genesis of the cap and bell stages of tooth germ development.5 -7) The inducers EGF and TGFa were identified as members of the same family, and they combine with EGFR to activate cell proliferation and differentiation.16,17) One study related expression of the EGF family in the mouse to palatogenesis in vitro and in vivo.18) Many studies on EMI during normal organogenesis and tissue heterogenesis have reported their mechanisms to be regulated by transcription factors, growth factors, tenascin, and syndecan-1.19,20) A study on cultured tooth germ showed that exogenous EGF stimulated proliferation of the odontogenic epithelium but inhibited proliferation of the associated mesenchyme, and that EGF expression, in particular, regulated the condensation of mesenchymal cells.21) In the present study we immunolocalized EGF, TGFa, and EGFR in the E11 primary epithelial band and E12-14 VL and DL/tooth germ, and both were also found in the associated mesenchyme. Histological examination showed more distinct EGF expression in the E12-14 mesenchyme related to the VL than DL. By contrast, EGFR expression was evident in the developing DL/enamel organ and underlying condensing mesenchymal cells and the VL, but not in the E13-14 VL-related mesenchyme. The histological findings in this study suggest that the EMI between the VL and its associated mesenchyme may be different from the EMI occurring between the DL and condensed dental papilla.
Some reports on morphodifferentiation of the oral vestibule (VO) have ruled out VO genesis due to cell death, and stated that it results from a difference in growth rates between the gum ridge, developing alveolar bone, and lip primordium. Those studies stated that the VL separated at sites showing poor adhesion between daughter cells derived from different basal cells of lip-type (lining mucosa) epithelium and gum-type (masticatory mucosa) epithelium, whereas our previous studies have demonstrated that physiological cell death and exfoliation of oral-gingival type epithelial cells are essential to the degeneration and separation of the E13 VL that leads to VO formation.1,9 -11) In the present study we observed initiation of incisor DL at E12 and active proliferation of DL and VL from the primary epithelial band at E13. CK19 and CK10 were studied in the primary epithelial band, VL, and DL/enamel organ to identify the characteristic filaments in non-keratinizing simple epithelium and keratinizing stratified epithelium, respectively.22 -24) We found that CK19 was weakly and diffusely localized in the superficial exfoliating VL epithelium, tooth germ, and epithelium bridging DL and VL of E13 fetuses, whereas CK10 expression was distinct at the surface and the alveolar aspect and suprabasal layer of the E13 VL, but was weak in the primary epithelial band and tooth germ. The histological findings indicate that the CK19 and CK10 expression patterns reflect the stages of the epithelial cell life cycle and that highly proliferating DL/enamel organ cells differentiate later than the VL.
Some in vitro studies have reported that EGF, FGF, and platelet-derived endothelial cell growth factor (PDGF) induce PCNA expression in proliferating cells.25 -27) We studied the proliferation of E11-E14 VL and DL/enamel organ by immunolocalizing PCNA, which is usually abundant in the nuclei of proliferating cells. The results showed diffuse PCNA expression in the E12 VL and associated mesenchyme, whereas there was concentrated PCNA immunoreactivity in the labial aspect of the tip of the E13-14 VL. The results of this study showed a strong relationship between TGFa and EGF and E13 VL proliferation, since both are intensely expressed in the mesenchyme surrounding the VL. Many studies on the formation of the face have shown that autocrine regulation by EGF, TGFa, and EGFR controls the epithelial degeneration and epithelio-mesenchymal transformation at sites of fusion of the associated mesenchymal prominences, and TGFa expression has also been found to be a factor controlling epithelial proliferation and differentiation in secondary palate formation.28 -30) In contrast to the intense PCNA immunoreaction in the basal portion of the labial aspect of the E13 VL, the histological findings of this study showed EGFR internalization in the alveolar aspect of the E13 VL. The results suggest that EGFR down-regulation is essential to transform the simple non-keratinizing epithelium of the developing E13 VL into multilayered keratinizing epithelium. The Rb family contains proteins that enhance CK10-related keratinization, and therefore regulate differentiation of the dermis.13) We observed pRb in developing E11-14 odontogenic tissues and particularly in the basal cells of the labial aspect of E12-13 VL. Comparison of CK10 and pRb expression in the E13 specimens suggested that the Rb family induces differentiation of keratinizing cells in the developing VL.
The FGF family contains many multifunctional signalling factors related to initiation and morphogenesis of tissues and organs, and some studies have reported that expression of the FGF family and BMP affects enamel organ development. 8, 19, 31) FGF2 and FGF4 in mesenchymal cells, in particular, have been found to be factors that induce DNA synthesis, regulate cell proliferation, and inhibit apoptosis.32,33) FGF2 has also been identified as a factor that inhibits cell differentiation, and thus it enhances cell proliferation.34) On the other hand, the temporo-spatial patterns of expression of the FGF family and FGFR in proliferating cells regulate decomposition of the pRb-E2F complex and the transition from the G1 phase to the S phase.15) Many studies have found that the FGF family and FGFR are usually localized at epitheliomesenchymal boundaries, and they combined in various ways to regulate multiple EMIs. 35, 36) We observed weak FGF2 expression in the E11 primary epithelial band and associated mesenchyme, but its expression gradually became intense at E12-14. We also observed FGFR1 immunoreactivity in the E11 primary epithelial band and E12-14 DL/ enamel organ, VL, and surrounding mesenchyme. The distinct FGFR1 expression in the E12-14 VL suggested that it plays an important role in the VL genesis, whereas the FGFR2 and FGFR3 expression patterns were weak in the E11-E12 VL, but distinctly localized in the E14 VL. These observaAbbreviations used in Figures 1-7 tions indicate that the FGF family and FGFR are essential to initiation of the development of the VL and other odontogenic tissues. Apoptosis and physiological cell death are regulated by both the EGF and FGF families and are important to morphogenesis of the developing enamel organ and VL.10,33,37,38) Our observations have shown that the DL/enamel organ and VL proliferate by means of EMI induced by the EGF family, FGF family, and their receptors. Subsequently, the DL cells differentiate and lead to enamel organ formation of the bud-stage at E13 and of cap-stage at E14. By contrast, the transcription factor pRb induces the VL to differentiate keratocytes, which store cytokeratins. The results of this study confirm that the VL and DL are two distinct epithelial mounds having different patterns of expression and cell turnover rates. We have shown that the VL keratocytes degenerate and exfoliate, ultimately leading to initiation of the VO. Further study is needed to determine how the Rb family and E2F regulate signals that control and regulate the proliferation and differentiation of odontogenic and periodontal tissues other than the VL.
